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Headnote
Vinylbenzyl chloride was allowed to react with a low-molecular-weight oligomer of butadiene in order to give a
material that could then be used to alkylate an amine to form an ammonium salt. This ammonium salt was ionexchanged onto a clay to give a new organically modified clay, which was used to prepare polystyrene-clay
nanocomposites by solution and bulk polymerization and by melt blending. The nanocomposites were
characterized by using X-ray diffraction, transmission electron microscopy, thermogravimetric analysis, cone
calorimetry, and the evaluation of mechanical properties. These systems show good nanodispersion and
improvement in thermal and mechanical properties.

INTRODUCTION
The study of polymer-clay nanocomposites has been of interest for several years, primarily because of the
observation that a great many properties, including mechanical properties (1-3), thermal stability and fire
retardancy (4-6), gas barrier properties (7), ionic conductivity (8), and so on, are improved relative to the virgin
polymer.
Polystyrene-clay nanocomposites have been widely investigated; they can be prepared both by polymerization
and blending processes. Regardless of the process used, it is important to improve the organophilicity of the
clay. The modification can be achieved by ionic exchange or complexation of the metal ions in the gallery space
with organic compound (9-13). Nanocomposites may exist as immiscible systems, in which the clay is acting as a
filler and is not well-dispersed throughout the polymer matrix, or the clay may be well-dispersed and give either
an intercalated system, in which registry between the layers is maintained, or exfoliated systems, in which this
registry is lost. Exfoliated systems have been obtained when the clay cation contains a monomer unit; cations
containing one styryl (10, 14-19), two styryls (6), one methacrylate (20, 21), and two methacrylates (22) have
been used. Exfoliation has also been obtained, by melt blending, when an oligomeric styrene unit was attached
to the cation (22, 23). In addition to bulk, emulsion, suspension, and solution polymerization (24), living anionic
surface-initiated polymerization (25), free radical surface-initiated polymerization (26), living free radical (27),
and atom transfer radical polymerization (28) have also been investigated. Both chloroform (29) and
dichlorobenzene (30) have been used as the solvents in solution blending to get the intercalated PS
nanocomposites. In melt blending, reactive reagents (31) and compatibilizers (32, 33) were used to obtain good
dispersion and intercalated nanocomposites. To avoid using additives, a thermally stable oligomeric styrene
modified clay was designed (34) to study the PS nanocomposite formation process by melt intercalation.
In this paper, we describe the preparation of a butadiene-substituted clay and its use to prepare polystyrene
nanocomposites by melt and solution blending and by bulk polymerization.

EXPERIMENTAL
Materials.

The majority of chemicals used in this study, including styrene, 4-vinylbenzylchloride, polybutadiene (Mn =
1800), PS (Melt flow index 200°C/5 Kg, 7.5 g/ 10 min, Mw = 230,000), N.N-dimethylbenzylamine,
benzoylperoxide (BPO), cyclohexane (anhydrous), toluene, acetone and inhibitor remover, were acquired from
Aldrich Chemical Co. Pristine sodium montmorillonite was kindly provided by Southern Clay Products, Inc.

Instrumentation.

Thermogravimetric analysis (TGA) was performed on a Cahn TG- 131 instrument under a flowing nitrogen
atmosphere at a scan rate of 10°C/ min from 10O°C to 600°C. All TGA results are the average of a minimum of
three determinations; temperatures are reproducible to ±3°C, while the error bars on the fraction of nonvolatile
material is ±3%. Cone calorimetry was performed using an Atlas Cone 2 instrument according ASTM E 1354-92 at
an incident flux of 35 KW/m2 or 50 KW/m2 using a cone-shaped heater. Exhaust flow was set at 24 L/s and the
spark was continuous until the sample ignited. Cone samples were prepared by compression molding the
sample (20 to 50 g) into square plaques using a heated press. Typical results from cone calorimetry are
reproducible to within about ± 10%; these uncertainties are based on many runs in which thousands of samples
have been combusted (35). X-ray diffraction was performed on a Rigaku Geiger Flex, 2-circle powder
diffractometer; scans were taken from 2 theta 0.86 to 10, step size 0.1, and scan time per step of 10 seconds.
Bright field transmission electron microscopy (TEM) images of the composites were obtained at 60 kV with a
Zeiss 10c electron microscope. The samples were ultramicrotomed with a diamond knife on Riechert-Jung
UltraCut E microtome at room temperature to give ~70-nm-thick sections. The sections were transferred from

the knife-edge to 600 hexagonal mesh Cu grids. The contrast between the layered silicates and the polymer
phase was sufficient for imaging, so no heavy metal staining of sections prior to imaging is required. Mechanical
properties were obtained using a Sintech 10 (Systems Integration Technology, Inc.) computerized system for
material testing at a crosshead speed of 0.2 in/min. The samples were prepared both by injection molding, using
an Atlas model CS 183MMX mini-max molder, and by stamping from a sheet; the reported values are the
average of five determinations.

Synthesis of the grafted polybutadiene.
A 40-g portion of polybutadiene (PBD) was dissolved in 40 mL cyclohexane in a 250-mL round-bottom flask,
equipped with a condenser and stirrer and a nitrogen inlet and this was stirred for 5 h at room temperature. To
this was added 2 g BPO and the temperature was raised to 70°C and 8 g of vinylbenzyl chloride dissolved in 50
mL of hexane was added over 8 h and the reaction was stirred at 70°C for an additional 2 h. The solvent was
removed on a rotary evaporator and the residue was washed five times with 500-mL portions of acetone,
yielding 32 g of a colorless liquid.
H NMR (CDCl3, δ): 8.1-7.9 (br, 1 H), 7.6-7.4 (br, 1 H), 7.2-6.9 (br, 2 H), 5.8-4.8 (br, 100 H), 4.6-4.4 (br, 3
H), 2.9-2.6 (br, 7 H), 2.2-1.8 (br, 195H), 1.7-1.6 (br, 8H), 1.5-1.3 (br, 12H).

1

Synthesis of PBD cationic surfactant.

In a 250-mL round-bottom flask were placed a 30-g portion of the vinylbenzyl chloride grafted PBD, 20 g of N,Ndimethylbenzylamine, and 50 mL of THF. The temperature was raised to 60°C and maintained at this
temperature overnight under a nitrogen atmosphere. Half of the solvent was removed on a rotary evaporator,
and then 100 mL ethyl acetate was added to precipitate the surfactant. The precipitate was filtered and
redissolved, then reprecipated three times, leaving 28 g of a soft white polymeric material.
H NMR (CDCl3, δ): 7.8-7.5 (br, 14 H), 5.6-4.8 (br, 100 H), 3.4-2.9 (br, 13 H), 2.9-2.6 (br, 7 H), 2.2-1.8 (br,
195 H), 1.7-1.6 (br, 7 H), 1.5-1.3 (br, 12 H).
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The preparation of PBD-modified clay.
A 100-g portion of the ammonium salt was dissolved in 500 mL of THF while 25 g of sodium montmorillonite was
dispersed in 1500 mL of distilled water over 48 h. A 2000-mL portion of THF was added to the dispersed clay and
vigorously stirred for 2 h, and then the solution of the ammonium salt was added dropwise to the dispersed
clay. A voluminous white precipitate appeared and the slurry was stirred at 40°C for 24 h. The stirring was
stopped and the precipitate was allowed to settle and the supernatant liquid was poured off and a fresh mixture
of H2O and THF (15:85) was added and the slurry was heated, with stirring, for an additional 24 h at 40°C. Finally
the slurry was filtered and the precipitate was recovered and dried in a vacuum oven at 50°C for 48 h; 269 g of
clay was recovered.

Preparation of styrene nanocomposites.
Solution blending.

In a 2-L round-bottom flask were placed 100 g polystyrene and 1 L of toluene and the flask was heated to 50°C.
Once the polymer was completely dissolved, a suspension of the PBD clay (12 g clay in 200 mL of toluene) was
added dropwise to the PS solution and the solution was stirred for an additional 24 h. The solvent was then
removed on a rotary evaporator and the final product was cut into pieces and dried at 80°C in a vacuum oven at
least 48 h.

Melt blending.

A mixture of 6 g of PBD-modified clay and 49 g of polystyrene were mixed in a Brabender Plasticorder at high
speed (60 rpm) at 190°C.

Bulk polymerization.

In a 400-mL beaker were placed 24 g of PBD-modified clay, 1 g of benzoyl peroxide (BPO) as a radical initiator,
and 200 g of styrene. This mixture was stirred at room temperature under N2 until it gave a homogeneous
suspension, then it was heated in a water-bath at 70°C until the suspension had hardened somewhat, followed
by cooling to room temperature. This was now heated at 60°C for 24 h and at 80°C for an additional 24 h under
a N2 atmosphere. The remaining monomer was then removed under vacuum (0.1 mmHg) overnight at 100°C to
give the 3% clay PS nanocomposite.

RESULTS AND DISCUSSION
Previous work from these laboratories showed that an oligomeric styrene-modified clay can be used to prepare
exfoliated and intercalated nanocomposites of a variety of polymers, including styrene, HIPS, ABS, methyl
methacrylate, propylene, and ethylene (22, 23). In this work, a low- molecular- weight (Mn = 1800)
polybutadiene oligomer was used and one unit of vinylbenzyl chloride was added to this (36); the reaction is
shown in Fig. 1. Acetone was used to dissolve and remove the byproduct, poly (vinylbenzyl chloride). The
amount of clay to be used in the ionic exchange process was calculated from NMR data, using the ratio of the
methyl groups to the protons on the double bond and an extra 20% PBD surfactant was used.

Fig. 1. The preparation of PBD surfactant

Fig. 2. XRD for PBD-modified clay PS nanocomposites.

XRD measurements.

X-ray diffraction measurement enables one to determine the size of the gallery spacing in the clays and in the
nanocomposites produced from these clays. The d-spacing in the pristine sodium clay is about 1.2 nm, and this
was increased to 7.0 nm in the PBD-modified clay. The XRD traces for the nanocomposites produced by the
various preparatory methods are shown in Fig. 2. A peak is clearly evident in the virgin PBD-modified clay, and
no peaks are visible for any of the nanocomposites. This may either mean that exfoliated systems have been
produced, or that disordering has occurred and immiscible systems are produced. Transmission electron
microscopy, TEM, is required to ascertain which system has been produced.

TEM analysis.

Figure 3 is the TEM image for PBD-modified clay. This picture shows a nanodispersed structure, although the
clays prefer to form the nanoparticles and not layered pieces.
When the PBD-modified clay was blended with polystyrene, factoids were observed in the low-magnification
image (Fig. 4). The layered structure can be seen from the high-magnification image (Fig. 4), but there is no
apparent separation of the clay layers. To get better dispersion of the clay, the PBD-modified clay was first
dispersed in a small amount of toluene, and this was then added to the polystyrene already mixing in the
Brabender mixer. TEM of this sample (Fig. 5) shows that the PBD clay particle is smaller, and the number of clay
pieces stacked together is decreased. Solution blending of the PBD-modified clay with PS was conducted in
toluene with an expectation of better dispersion. The TEM for the solution blending is shown in Fig. 6; the lowmagnification image indicates some amount of nanodispersion, while the high-magnification image shows a
mixed intercalated-exfoliated system. This solution-blended PS nanocomposite was then melt blended, and the
result is shown in Fig. 7. Compared to the sample before melt blending, this system is not as well nanodispersed,
and is probably a mixed intercalated-exfoliated nanocomposite. Figure 8 shows the TEM images of the
nanocomposite formed by bulk polymerization; this shows the best dispersion and should be described as
exfoliated.

Fig. 3. TEM image for PBD-modified clay.

Fig. 4. TEM image at low deft) and high (right) magnification of PBD-clay PS nanocomposite by melt blending.

Fig. 5. TEM image at low (left) and high (right) magnification of PBD-clay PS nanocomposite by suspension
(toluene)-melt blending.
TGA characterization of the nanocomposites. The thermal stability in nitrogen of the PBD-modified clay PS
nanocomposites prepared by the various methods is enhanced relative to that of the virgin polystyrene (Fig. 9).
The onset temperature for the nanocomposites is increased by about 50°C relative to virgin polystyrene; the
bulk-polymerized material may be a little lower in onset temperature than either solution-blended or meltblended material. This difference may be due to the presence of some unreacted monomer in the bulkpolymerized system. This increase in the onset temperature of the degradation is in agreement with what is
usually seen for polystyrene nanocomposites (5, 10).

Fig. 6. TEM image at low (left) and at high (right) magnification of PBD-clay PS nanocomposite by solution
blending.

Fig. 7. TEM image at low (left) and at high (right) magnification of PBD-clay PS nanocomposite by solution
blending, then melt blending.

Cone calorimetry.
The fire properties of the PBD-modified clay nanocomposites were evaluated by cone calorimetry; the data are
shown in Table 1, including the time to ignition, heat-release data, including the peak heat-release rate (PHRR),
the average heat-release rate and the total heat released, information on the mass loss rate and smoke
produced, measured as the specific extinction area. In an ideal situation, one is looking for a decrease in the
PHRR and the total heat release, a decreased mass loss rate and evolution of smoke, and an increase in the time
to ignition and the time to PHRR It is generally considered that a reduction in PHRR must exceed 15% to be

significant, and this value is not obtained for the melt-blended system, likely indicating that this system does not
contain nanodispersed clay, in agreement with the TEM images; the heat-release data is shown in Fig. 10. For
solution blending, the reduction in PHRR is 27%, while it is 42% for bulk-polymerized material. Neither of these is
close to the 50% -60% reduction typically observed for well-dispersed polystyrene nanocomposites (37). This is
an indication that very good nanodispersion has not been obtained in the mixing process. Previous work at NIST
(35) and in these laboratories (19) has shown that a microcomposite does not show a reduction in PHRR, while a
nanocomposite does show this reduction, and the same reduction is seen whether intercalated or exfoliated
nanocomposites are produced (10). Cone calorimetry samples the bulk of the sample and thus will give an
answer for the entire sample. On the other hand, TEM samples only a very small portion of the material and this
may or may not be representative of the bulk sample. It is clear from these cone-calorimetric results that the
melt-blended sample does not show good dispersion and this is the same conclusion that is obtained by TEM.
However, the TEM result from the solution-blended sample appears to show the presence of factoids, but the
cone result is that about one-half the reduction in PHRR is observed, an indication that the dispersion in the bulk
is better than that which appears from TEM. The TEM result for the bulk-polymerized sample shows quite good
dispersion, but the cone result suggests that the dispersion is not as good as one might think from the TEM
alone. One must use multiple techniques in order to evaluate the dispersion of a nanocomposite.

Fig. 8. TEM image at low (left) and at high (right) magnification of PBD-clay PS nanocomposite by bulk
polymerization. A probe that was left on the piece of polymer is obvious in the images.

Fig. 9. TGA curves for PBD-modified clay and its PS nanocomposites.
Table 1. Cone Data for PBD-Modified Clay Nanocomposites.
3% PBDclay/PS,
Composition
Pure PS
melt
Time to ignition, s
62 ± 5
60 ± 1
2
PHRR Kw/m
1191 ± 35 1109 ± 40 (7%)
Time to PHRR, s
122 ± 8
124 ± 1
Time to bum out, s
175 ± 7
180 ± 8
Average HRR, kw/m2
678 ± 29
638 ± 36
2
Total heat released, MJ/m
93.6 ± 0.8 94.1 ± 1.8
Average mass loss rate, g/stm2 30.6 ± 0.1 29.3 ± 0.2

3% PBDclay/PS,
solution
40 ± 4
871 ± 8 (27%)
110 ± 7
191 ± 2
574 ± 8
88.8 ± 0.7
24.4 ± 0.8

3%PBDclay/PS,
bulk
39 ± 1
688 ± 20 (42%)
100 ± 3
241 ± 7
429 ± 1
88.4 ± 0.8
18.2 ± 0.3

Average specific extinction
area, m2/kg

1284 ± 9

1345 ± 37

1367 ± 24

1374 ± 26

Table 2. Mechanical Properties of PBD-Modified Clay PS Nanocomposites.
Nanocomposite
% Elongation Modulus (GPa) Tensile strength (MPa)
PS (commercial)
2.5 ± 0.7
1.222 ± 0.141
32.77 ± 6.31
3% PBD clay/PS
2.7 ± 0.7
1.441 ± 0.145
36.70 ± 3.07
3% PBD clay/PS (sol)
7.6 ± 2 .6
1.361 ± 0.063
25.57 ± 5.04
3% PBD clay/PS (sol-melt) 15.0 ± 8.2
1.360 ± 0.081
32.0 ± 5.24
3% PBD clay/PS (dis-melt) 3.0 ± 1 .2
1.483 ± 0.112
34.28 ± 4.02
3% PBD clay/PS (bulk)
1.0 ± 0.1
1.339 ± 0.077
16.45 ± 3.35
PS (bulk)
2.6 ± 1 .0
1 .63 ± 0.17
16.6 ± 1.9

Fig. 10. Heat-release rate curves for PBD-modified clay nanocomposites.

Mechanical properties.

The mechanical properties of all the PS nanocomposites (Table 2) prepared by melt blending have been
improved; this may be attributed to the presence of the clay or to the presence of the butadiene phase, or to
the presence of both materials. For the mechanical properties of PS nanocomposites from bulk polymerization,
the tensile strength remains the same, while percent elongation and Young's modulus have decreased. It is not
possible at this time to ascertain whether this change in mechanical properties is due to the presence of the clay
or the butadiene.

CONCLUSIONS
PBD-modified clay polystyrene nanocomposites were prepared by melt blending, solution blending, and bulk
polymerization. The morphology studies show that the bulk-polymerization method gave the best
nanodispersed nanocomposites, but the TGA behavior was not affected by the different methods. Cone
calorimetry confirms the dispersion that is found from TEM in some cases, but it also enables one to refine the
assignment of nanodispersion. It may be important to evaluate the nanodispersion of a nanocomposite by
techniques, such as cone calorimetry, that sample the bulk rather than a specific section only.

ACKNOWLEDGMENTS
This work was performed under the sponsorship of the U.S. Department of Commence, National Institute of
Standards and Technology, Grant Number 70NANB6D0119.

REFERENCES
1. Y. Kojima, A. Usuki, M. Kawasumi, A. Okada, Y. Fukushima, T. Karauchi, and O. Kamigalto, J. Mater. Res., 6,
1185(1993).
2. Y. Kojima, A. Usuki, M. Kawasumi, A. Okada, Y. Fukushima, T. Karauchi, and O. Kamigaito, J. Polym. Sci Part A:
Polym Chem. 31, 983 (1993).
3. Y. Kojima, A. Usukl, M. Kawasumi, A. Okada. Y. Fukushima. T. Karauchi, and O. Kamigaito, J. Polym. Sci Part A:
Polym Chem, 31, 1775 (1993).
4. J. W. Gilman, T. Kashiwagi, E. P. Giannelis. E. Manias, S. Lomakin, J. D. Litchtenham, and P. Jones, in Fire
Retardancy of Polymers: The Use of Intumescence, pp. 201 - 21, M. Le Bras, G. Camino. S. Bourbigot, and
R. Delobel, eds., Royal Society of Chemistry, London (1998).
5. J. Zhu and C. A. Wilkie, Polym Intern., 49, 1158 (2000).
6. S. Su and C. A. Wilkie, J. Polym. Sci. Part A: Polym. Chem., 41, 1124(2003).
7. T. Lan, P. D. Kaviratna, and T. J. Pinnavaia, Chem. Mater., 6, 573 (1994).
8. R. A. Vaia, S. Vasudevan, W. Krawiec, L. G. Scanlon, and E. P. Giannelis, Adv. Mater., 7, 154 (1995).
9. M. Alexandre and P. Dubois, Mater. Set Eng., R28, 1, (2000).
10. J. Zhu, A. B. Morgan, F. J. Lámelas, and C. A. Wilkie. Chem Mater., 13, 3774 (2001).
11. E. Ruitz-Hitzky and B. Casal, Nature, 276, 596 (1978).
12. J. W. Gilman, T. Kashiwagi, A. B. Morgan, R. H. Harris, Jr., L. Brassell, W. H. Award, R. D. Davis, L. Chyall, T.
Sutto, P. C. Trulove, and H. Delong, Proc. Additive 2001 (March 2001).
13. H. Yao, J. Zhu, A. B. Morgan, and C. A. Wilkie, Polym. Eng. Sci, 42, 1808 (2002).
14. M. B. Ko, J. Jeong, J. Y. Jho, and K. Yang, Polym. Preprints, 43, 1314 (2002).
15. S. Qutubuddin, X. Fu, and Y. Tajuddin, Polym. Bull, 48, 143 (2002).
16. M. Laus, M. Camerani, M. Lelli, K. Spamacci, F. Sandrolini, and O. Francescangeli, J. Mater. ScL, 33, 2883
(1998).
17. X. Fu and S. Qutubuddin, Mater. Letters, 42, 12 (2000).
18. C. R. Tseng, J. Y. Wu, Y. Hsin, and F. C. Chang, J. Appi Polym Sci, 85, 1370 (2002).
19. J. Zhang and C. A. Wilkie, Polym. Degrad. Stab., in press.
20. C. Zeng and L. J. Lee, Macromolecules, 34, 4098 (2001).
21. S. Su, D. D. Jiang, and C. A. Wilkie, Polym. Adv. Tech., 15, 1 (2004).
22. S. Su, D. D. Jiang, and C. A. Wilkie, Polym. Degrad. Stab.. 83. 321 (2004).
23. S. Su, D. D. Jiang, and C. A. Wilkie, Polym. Degrad. Stab., 83, 333 (2004).
24. D. Wang, J. Zhu, Q. Yao, and C. A. Wilkie, Chem Mater., 14, 3827 (2002).
25. X. Fan, Q. Zhou, C. Xia, W. Cristofoli, J. Mays, and R. C. Advincula, Langmuir, 18, 4511 (2002).
26. X. Fan, C. Xia, and R. C. Advincula, Langmuir, 19, 4381 (2003).
27. M. W. Weimer, H. Hen, E. P. Giannelis, and D. Y. Sogah, J. Am Chem Soc., 121, 2031 (1999).
28. S. D. Argoti, S. Reeder, H. Zhao, and D. A. Shipp, Polym. Preprints, 43, 267 (2002).
29. T. H. Kim, S. T. Lim, C. H. Lee, H. J. Choi, and M. S. Thon, J. Appi. Polym. Sci, 87, 2106 (2003).
30. C. R. Tseng, J. Y. Wu, H. Y. Lee, and F. C. Chang, Polymer, 42, 10063 (2001).
31. D. Wang and C. A. Wilkie, Polym Degrad. Stab., 80, 171 (2003).
32. G. D. Barber, C. M. Carter, and R. B. Moore, SPEANTEC Tech. Papers, 46, 3763 (2000).
33. X. Zheng and C. A. Wilkie, Poiym. Degrad. Stab., in press.
34. F. L. Beyer, N. C. Beck Tan, A. Dasgupta, and M. E. Galvin, Chem Mater., 14, 2983 (2002).
35. J. W. Gilman, T. Kashiwagi, M. Nyden, J. E. T. Brown, C. L. Jackson, S. Lomakin, E. P. Giannelis, and E. Manias,
in Chemistry and Technology of Polymer Additives, pp. 249-65, S. Al-Malaika, A. Golovoy, C. A. Wilkie,
eds., Blackwell Scientific (1999).
36. A. Gasperowicz and W. J. Laskawski, Polym. Sci.: Polym. Chem Edition, 14, 2875 (1976).
37. J. Zhu, A. B. Morgan, F. J. Lámelas, and C. A. Wilkie, Chem Mater., 13, 3774 (2001).

